Moderate resolution spectra of the 030 band of NH 2 near 6300 Å were recorded in Comet Hale-Bopp near 2.6 and 1.0 AU with the HYDRA array spectrometer on the WIYN telescope. The spectra from beyond the collision sphere were examined with respect to the relative rotational energy distributions in NH 2 . The relative rotational profiles could be consistently fit at both heliocentric positions by a photostationary state model that follows optical pumping and fluorescence in the Ã 2 A 1 (P u ) -2 B 1 band and radiative rotational relaxation in the ground state. The behavior of the spectra with regard to the relative weakness of lines from K a ¢ = even states at large heliocentric distances is explained by this model, where only the solar flux changes. The general heliocentric dependence of the rotational excitation temperature of collision-free NH 2 and, to a first-order approximation, polar diatomic radicals is predicted. The form of the heliocentric dependence is coincidentally similar to that of CO in the collision sphere as observed by others. Species that can undergo optical pumping will show a heliocentric dependence of the rotational excitation temperature of the form, T exc (r h ) = T 1AU /r h 0.5-1.3 .
is predicted. The form of the heliocentric dependence is coincidentally similar to that of CO in the collision sphere as observed by others. Species that can undergo optical pumping will show a heliocentric dependence of the rotational excitation temperature of the form, T exc (r h ) = T 1AU /r h 0.5-1.3 .
The NH 2 radical and diatomic hydrides will have flatter r h dependence than the polar first row diatomics. The r h dependence is largely controlled by the ratio of the fluorescence excitation rate and the rate of radiative rotational relaxation.
introduction
The appearance of the very bright comet Hale-Bopp (C/1995 O1) gave an excellent opportunity to make moderate to high-resolution spectroscopic studies of a comet over a wide range of heliocentric distances. Comets are unique astronomical bodies, which show rich spectra of polyatomic molecules at visible wavelengths. Together with yielding information about the comet itself, the analysis of the spectra under collision-free and few-collision conditions is generally valuable in understanding the behavior of molecules under astrophysical conditions. Comets transport molecules from regions of low solar flux to high solar flux and are excellent photophysics laboratories.
Emission from the amino radical, NH 2 , is a prominent feature in cometary spectra. To investigate the behavior of this radical, data from recent bright comets have been analyzed according to Haser (Fink et al. 1991 ) and random walk Monte-Carlo models (Combi et al. 1999) . It is fairly well established that NH 2 is a daughter of NH 3 resulting from direct photodissociation (Kawakita & Watanabe 1998) . The ratio of the production rates of water to NH 2 , and therefore ammonia, is estimated to be between 0.1 and 1.0% in "normal" comets (Tegler & Wyckoff 1989 , Tegler et al. 1992 , Smyth et al. 1995 . Recently Bird et al. (1997) and Hirota et al. (1999) have reported estimates of the ammonia to water production rate ratio of 1 -2% by direct radio observation for Hale-Bopp. These have been revised downward by about a factor of two with recent recalculations of the water production rate (Crovisier 2000 , Bockelée-Morvan 2000 . Arpigny (1994) discusses the discrepancies between the ammonia production rates obtained from separate measurements of ammonia, NH 2 and NH.
High-resolution optical spectra of the NH 2 features have been obtained previously by several groups and the lines are well assigned (Korsun & Lipatov 1993 , Morrison et al. 1997 , Brown et al. 1996 . The apparent rotational energy distributions are known to vary according to heliocentric distance, but an adequate accounting of the rotational intensity structure as a function of heliocentric distance has not been presented (Magee-Sauer et al. 1989 , Combi & McCrosky 1991 . Rauer et al. (1997a) observed a unique rotational line-intensity trend where emission from K a ¢ = even states was significantly weaker than K a ¢ = odd states at large heliocentric distances and strengthened as the comet neared the sun.
We have obtained moderate resolution spectra of the rotational features near 6300 Å of NH 2 in Comet Hale-Bopp. Here we demonstrate that a photo-stationary state model of NH 2 can account for the rotational distribution of molecules beyond the collision zone and its variation with heliocentric distance. We also use our model to investigate the general behavior of polar molecules in free space under various degrees of photo-excitation.
OBSERVATIONS
The 3.5-meter WIYN Telescope's Multi-Object Spectrograph (MOS) and "Hydra" fiber positioner (Barden et al. 1993) were used on five nights between 1996 October and 1997 April to obtain 3840 moderate resolution (R=15,000) spectra of Hale-Bopp in the wavelength range 6100 to 6400 Å. The MOS simultaneously recorded up to 96 spectra arrayed from the innermost coma to projected cometocentric distances of 1.7 x 10 6 km. A journal of the observations is given in Table 1 . The Hydra uses a three-axis robotic positioner to place individual fiber-optic pick-offs, somewhat arbitrarily, about the one-degree field of view of one of the WIYN Nasmyth foci. Fibers are held in position by small magnetic buttons on a metal focal plate, which can be pneumatically warped to the rather substantial petzval curvature of the focal plane. The individual fibers are 300 microns in diameter corresponding to 3 arcsec, but the minimum separation of the fibers is set by the diameter of the magnetic buttons and is 40 arcsec. A fiber assignment file was devised which placed fibers in a closely packed, concentric ring configuration. The central dozen buttons touch each other. Five fibers at the minimum 40-arcsec distance (ring 1) and another six fibers at 1.15 arcmin (ring 2) surround a central fiber for the nucleus. Rings 3, 4, 5, and 6 where located at 2.4, 6.0, 15.0 and 22.5 arcmin, respectively. Ring 3 consisted of 12 fibers and the outer three rings had 24 fibers each. The projected distances on the comet can be calculated by multiplying these angular offsets by the scale given in Table 1 . In general NH 2 was not detected beyond ring 4, so rings 5 and 6 provided an excellent sky foreground reference.
The fibers conduct the light to a controlled environment room at ground level where the output ends of the fibers are arranged in a line, which resembles the slit of a traditional spectrograph. The optical bench spectrograph can be configured to deliver a variety of resolutions throughout the visible spectrum. For observations reported here, an echelle grating of 316 g mm -1 was used in conjunction with an interference filter to isolate a single echelle order. A 285-mm focal length, all-refractive camera images the spectra onto a 2048 2 CCD. Exposure times ranged from 240 seconds when Hale-Bopp was at roughly one astronomical unit from both Sun and Earth to 600 seconds when the Sun and Earth distances were 2.6 and 3.0 au, respectively. Exposures were made at least in triplets to allow median filtering of radiation events. Quartz-halogen lamps illuminating a flat white spot in the dome were used for flat fielding. The Hydra contains an array of Thorium-Argon hollow cathode lamps for wavelength calibration. Each data frame was processed via the standard IRAF set of tasks known as DOHYDRA. Operations include bias subtraction, fitting of individual fiber spectrum position in the image, cross dispersion integration of data counts from dome flats, comparison as well as object images, flat field division, wavelength calibration, and wavelength linearization. A flux calibration was obtained from observations of flux standard stars. Systematic errors on the order of 10 percent may affect this calibration. They result from 1) uncertainty in the fraction of the light of the standard entering the single fiber and 2) the use of standard KPNO extinction coefficients. Additional details of the Wisconsin Hale-Bopp program can be found in Anderson (1999) .
3. THE SPECTRA
Spectroscopy of NH 2
The electronic spectrum of NH 2 is quite sophisticated. The radical is a light, asymmetric rotor, k = -0.39, displaying two electron spin components and ortho/para nuclear spin states. The lowest electronic transition, Ã 2 A 1 (P u ) -2 B 1 , lies conveniently in the visible part of the spectrum and its rotational structure was first analyzed by Dressler and Ramsay (1959) . The molecule is highly bent in the ground state and nearly linear in the excited state. The spectrum is characterized by a progression of vibronic transitions between the ground-state zero-point level into upper-state bending levels, 0v 2¢0 -000. We adopt the notation of Ross et al. (1988) that regards the excited state as bent, where v 2 (linear) = 2v 2 (bent) + K a + 1, and uses the "good", case-c, angular momentum quantum number, N. Each of the 0v 2¢0 bands can be analyzed into branches according to c-type selection rules: DN = 0, ±1; DK a = ±1, ±3 . . .; and DK c = 0, ±2, . . . . A small number of other lines are observed which follow b-type selection rules and represent transitions into high-lying vibrational levels of the ground state. Ross et al. (1988) have assigned all of the lines in the 5300 to 6800 Å region. Brown et al. (1996) have compiled a line list based on echelle spectra of the observed NH 2 transition observed in cometary spectra. No emission lines that terminate in ground-state vibrationally hot levels have yet been identified in the cometary spectra, although there are several unidentified lines.
NH 2 spectra in Hale-Bopp
Two representative spectra of the 030 band of NH 2 obtained at about 2.6 and 1.0 AU are shown in Figure 1 . The individual lines were identified by comparing our positions with those of the laboratory absorption spectrum of Ross et al. (1988) and the cometary line list of Brown et al. (1996) . Table 2 includes a list of the lines used in this analysis; while not a comprehensive list, it serves to sort out the blended lines. The relative intensities of the NH 2 lines in our spectra obtained near 1 AU are similar to those of Brown et al. (1996) for Brorsen-Metcalf. Because of the high degree of contamination from solar features to the blue of 6330 Å, we have focused our analysis on the group of seven features to the red of 6330 Å. Evaluation of Swingsí effect interference was done by direct comparison of Fraunhofer line wavelengths with NH 2 absorption wavelength and by examining the same spectra taken on different nights, i. e., different heliocentric velocities. It was determined that the dominant interference with the NH 2 spectra was the spectral overlap of the solar lines within the resolution element of the spectrometer; this is evident in Figure 1 . Minor influence of the Swingsí effect could be detected and is discussed in the analysis section. The resolution in these spectra of about 0.42 Å (20 km/s) was insufficient to obtain kinematic information on the gas flow. (Osterbrock et al. 1996) . The spectrum at 1.0 AU is the average of the three fibers in the sunward hemisphere on Mar 16. The spectrum at 2.6 AU is the average of all five fibers of ring 1 on Oct 22. No effort was made to subtract the solar spectrum. The stick spectrum is from the line list of Brown et al. (1996) .
Examination of the spectra obtained as a function of position angle on the concentric fiber array found no significant differences. There would seem to be neither significant entrainment nor extended source of NH 2 in the dust tail. By contrast spectra of the C 2 Swan bands recorded on 1996 Oct 23 showed some enhancement in fibers on or near the dust tail. A similar effect in the [OI] singlet D lines at 6300 and 6363 Å has been reported by Morganthaler et al. (1999) . For the present analysis we averaged spectra from fibers predominantly in the sunward hemisphere to eliminate some of the continuum.
At our resolution, several lines are resolved into single rotational lines, but many remain blends. Most of the blends, however, result from only two closely spaced transitions and are easily deconvolved by simple sums into the separate line components, as seen in Table 2 . Several pairs of lines could be identified as being due to individual spin states, F1 and F2. The F1/F2 intensity ratio is very near the expected statistical weights at all heliocentric and nucleocentric positions. As the separation of these states is less than about 0.5 cm -1 in the ground state, they will be thermally equilibrated to within 2% of the statistical value at greater than 50 K. It is thought that they were collisionally equilibrated in the collision sphere and remain that way since there is very little photolytic interconversion.
Cometocentric differences
Spectra from individual fibers were examined carefully for differences in the rotational structure as a function of cometocentric distance. At any particular heliocentric distance, it was found that there were no significant cometocentric differences (< 10 %) in the NH 2 spectra as to their rotational distributions. This included comparing spectra of the fiber on the nucleus to those at wide offsets. The major exception is that the spectrum of the fiber centered on the nucleus on April 21 (21 days after perihelion) showed rotationally hotter NH 2 than in offset fibers. This is possibly due to the central fiber sampling a warmer or swelled collision sphere on the post-perihelion night. The central fiber samples a circular region that is 3,000 km at 1 AU. The rotational populations for the nucleus and all rings were virtually identical for March 2 and March 16. This is in contrast to a moderate cometocentric dependence of rotational distributions found by Combi and McCrosky (1991) within 70,000 km of Comet Halley. The coarseness of our spatial resolution surrounding the nucleus may limit our ability to observe a cometocentric difference here. The present analysis will focus on the spectra that show no cometocentric differences beyond 40,000 km; these can be thought to come from NH 2 in collision-free conditions.
Heliocentric differences
It is easy to see in Figure 1 that the primary difference between the 2.6 AU and 1.0 AU spectra is that there is a larger contribution from higher rotational levels of NH 2 when the comet was closer to the sun. We found no differences in the spectra obtained on the two nights when the comet was near 2.6 AU; those data could be pooled. The small, 0.1 AU, difference in heliocentric distance produced no discernable variations in the spectra obtained on March 2 and March 16. The spectra of April 21 were indistinguishable from the March spectra with the exception of the nucleus spectrum appearing hotter, as described above. The value of having the several spectra obtained at similar heliocentric distances is that spectra at different heliocentric velocities can be compared to evaluate the impact of the Swings effect.
Others have also observed significant heliocentric differences. McGee-Sauer et al. (1989) and Combi and McCrosky (1991) have suggested the requirement of a photo-physical mechanism to explain them. In the NH 2 spectra in Hale-Bopp, thermal equilibrium could not account well for the rotational structure. The discussion of Rauer et al. (1997a Rauer et al. ( & 1997b and Dressler (1997) emphasizes this point with respect to widely varying K a ¢ = odd versus K a ¢ = even intensity ratios as a function of heliocentric distance. We sought to devise a model to account for the increase in NH 2 rotational energy distribution from 2.6 to 1.0 AU and also the lack of cometocentric dependence of the NH 2 rotational energy distribution. With the exception of post-perihelion observation of the nucleus on 21 April, we were able to account for these changes using a collision-free photostationary state model described next.
4. Photostationary state model
Details of the Model
Since populations resulting from fluorescence pumping can resemble the Boltzmann expectation, we first sought to model the rotational intensity patterns in this manner. Initial efforts using a Boltzmann distribution of the lower electronic state rotational levels and calculating the resonant fluorescence intensities yielded marginal fits. A temperature of about 100 ± 20 K provided rough fits for all of the 1 AU spectra (including those in ring 2!), except for the nucleus-centered spectrum on April 21 where 130 ± 20 K gave a marginal fit. Two factors led to our abandoning that approach: attempts to model the rotational structure at 2.6 AU using any Boltzmann distribution were failures and, clearly, spectra obtained beyond a projected cometocentric distance of 40,000 km are primarily from NH 2 in collision-free conditions.
Other workers have been able to predict the emission spectra of some molecules in the outer coma using complete photo-physical models. Crovisier and coworkers (1983a&b; 1987) demonstrated how infrared "fluorescence equilibrium" resulted in non-Boltzmann rotational distributions in CO and have predicted the infrared spectra of several species. Weaver and Mumma (1984) made similar predictions of infrared emission from a number of cometary molecules, especially water. In these cases, it was the pumping by infrared solar photons that leads to the non-thermal rotational distributions. This was due to the fact that these closed-shell species are optically transparent and that the solar flux is relatively low in the UV wavelengths where they do absorb. In the case of the non-polar C 2 , however, Krishna Swamy has shown in a series of papers (1991 & 1997) that optical pumping in various systems of electronic transitions leads to the strongly non-thermal rotational distributions observed in the Swan bands. Optical absorption and fluorescence by NH 2 is relatively strong and the high solar flux makes population of the ground-state rotational levels by optical pumping faster than infrared pumping in this molecule. Additionally, only one optical band system is likely contributing to the pumping in NH 2 , allowing for a relatively simple mechanism.
We can demonstrate that the time scale is appropriate for a "fluorescence equilibrium" model, or as we prefer a photo-stationary state model. The spectra considered here were obtained at a projected distance of 40,000 km, or a density-weighted average cometocentric distance of about 80,000 km. If we assume that the total number density is not greater than 2 x 10 5 molec cm -3 and the kinetic temperature is not above 150 K, then the collision frequency is not greater than 3 x 10 -5 s -1 . The following photolytic processes, using the lifetimes at 1 AU of Smyth et al. (1995) characterize the life of NH2 in free space: NH 3 + hn solar --> NH 2 + H k form = 1.4 x 10 -4 s -1 (1) NH 2 + hn solar --> NH + H k phot = 2 x 10 -5 s -1 (2)
The fluorescence rate for a vibronic band of NH 2 of 4 x 10 -3 s -1 was estimated by Tegler and Wyckoff (1989) ; so molecules will absorb a visible photon and fluoresce at least 20 times before being dissociated or rotationally quenched by collision. This up-pumping rate is also on the order of rotational relaxation rates of NH 2 , making these the competitive processes. It is also faster than the typical infrared vibrational pumping rate that has been calculated for water (Weaver & Mumma 1984) .
Our model considers the up and down, 0v 2 ¢0 -000, rovibrational transitions in the electronic band, Figure 2 . The steady-state rotational populations are controlled by the absorption of solar radiation according c-type selection rules and rapidly reemit with the branching ratios specified by the line strengths and ratios of the degeneracies. The ground-state rotational levels relax by microwave radiation according to the b-type selection rules. The absorption rate constants were calculated as the Einstein B-coefficient times the solar flux, which is given by Weaver and Mumma (1984) for a particular band as (pe 2 /mc 2 ) f F ß . Our model considers all the absorption bands, so the overall oscillator strength, f , which is shared between the lines, is about 1.6 x 10 -2 . This value was chosen to optimize the fit of the 1.0 AU spectrum and is consistent with the sum of band oscillator strengths calculated from Jungen et al. (1980) and given in a partial list by Tegler and Wyckoff (1989) . For transitions between individual rotational states, these band rates are weighted by the line strengths. The k up rate constants, with units in s -1 , were then built up according to k up = 0.4 x r h -2 x A c (N KaKc ) x g2 -1 (6) where r h is the heliocentric distance in astronomical units, A c (N KaKc ) are the "mean k" asymmetric rotor line strengths for c-type selection rules given in Cross et al. (1944) , and g2 is the degeneracy of the originating level.
The fluorescence rates were chosen to be arbitrarily fast, k fluor = 10 6 x A c (N KaKc ) x fl 3 x g¢ -1 , (7) but included the important terms that control the branching ratios; i. e., the line strengths and degeneracies.
The rate constants for the rotational relaxation pathways were estimated using the Einstein A-coefficient weighted by the line strengths (Foley 1972 ). k dn = 1.3 x 10 -8 x A b (N KaKc ) x 3 x g¢ -1 (8) Where A b (N KaKc ) are the line strengths for b-type selection rules given in Cross et al. (1944) and is the wavenumber of the rotational line in cm -1 .
The models yielded steady-state number densities of the upper and lower N KaKc rotational states. The computer models were based on the Gear subroutine for solving the system of coupled, stiff differential equations (Braun et al. 1988) . We have calculated the populations of the F1 levels and assumed that the F2 levels were equilibrated. The relative line fluxes were calculated as the modeled population of the emitting state times the Einstein A-coefficient times the frequency, without respect to an absolute value. From that point, the only adjustable parameter available to fit our observations is the r h -2 term, or a factor of (1/2.6) 2 .
Results for NH 2
The modeled line fluxes for 1.0 and 2.6 AU are overlaid with the spectra and presented in Figure 3 & 4. Clearly the N = 2 and 3 levels are more highly populated in the 1-AU model. The large decreases in the intensities of the 2 12 -3 22 and 3 12 -4 22 lines from 1.0 AU to 2.6 AU are especially well fit. We found reasonable fits for all the lines in Table 2 . It seems that the 2 11 -3 21 line is slightly over predicted at 2.6 AU by this model; but there is some evidence that a Swings anti-resonance is occurring in the 2 11 -1 01 lines near 6280 Å. These are in the midst of a dense set of strong Fraunhofer lines. (Osterbrock et al. 1996) .
The actual calculated populations of the ground-state rotational levels are shown in Figure 5 . A rotational excitation temperature was estimated at 1.0 and 2.6 AU for the states between 50 and 200 cm -1 , although there is no regularity in the distributions even in the same N level. The approximately 35 K difference shown in Figure 5 belies the large variations in some of the N KaKc populations. The reasons for estimating the excitation temperatures as we have are discussed below. Since the optical fluorescence lifetime is very short, the ground-state rotational populations are controlled solely by the ratios of the up and down rates of reactions (3) and (5). The ratio of the k up to k dn is from 1 to 0.01 depending on the 3 term in k dn .
Results for a general polar diatomic molecule
The non-uniform spacing in the asymmetric rotor levels makes it difficult to inspect Figure 5 as to the form of the distribution. To better appraise this form, we reduced the rotation problem to that of a pseudo-diatomic molecule with a B rot = 15 cm -1 . We used a rotational energy ladder described by B rot (J 2 + J), degeneracies of 2J+1, and Hönl-London factors appropriate to diatomic molecules (Herzberg 1950) for the line strengths. We followed the photo-kinetics of forty rotational levels in both the upper and lower electronic states. Figure 6 shows the modeled ground-state rotational populations for five heliocentric distances; the forms of the distributions are now clearer and resemble the forms of other non-LTE distributions. Approaching the problem in this way yields results that are equivalent to the complete NH 2 calculation, as can be seen by comparing the excitation temperatures in Figures 5 and 6. cm -1 subject to the same fluorescence pumping rates as NH 2 .
We have shown in previous work (Glinski et al. 1997; Bucher & Glinski 1999 ) that kinetically maintained, non-LTE distributions show a general form described by two linear regions on a Boltzmann plot, i. e., log population of E(n) versus E(n). These two regions can be described by a "cold" excitation temperature for the first several quantum levels, originating from J = 0, and a "hot" excitation temperature for the levels higher than those. An extreme case of this disequilibrium can be seen in the cometary C 2 rotational distributions (Krishna Swamy 1997). In Figure 6 , the populations of levels between 50 and 200 cm -1 could be approximated by excitation temperatures as labeled. The model used to consider NH 2 as a pseudo-diatomic provides a useful estimate of the rotational distributions for other diatomic hydrides that absorb in the visible or near UV, e.g. the CH, NH, or OH radicals.
Because the rotational fluorescence rate goes as 3 , it will be quite different for rotors of different moments of inertia thus effecting the ground-state rotational energy distribution. We considered a general diatomic rotor having B rot Å 2 cm -1 ; this would approximate the behavior of radicals such as CN or NO, which absorb in the visible. The model is analogous to the above: up-pumping that depends on the incident solar flux, rapid optical fluorescence, and relatively slow microwave fluorescence dependent on the dipole moment and transition frequency. The results for an AB molecule are plotted in Figure 7 . To summarize our results, we have plotted in Figure 8 our calculated rotational excitation temperatures as a function of heliocentric distance. The NH 2 points at 1.0 and 2.6 AU can be considered as data points since they represent our calculations based on the spectra. Also plotted in Figure 8 are our calculations for an AB molecule where the rate of rotational relaxation is much slower than the rate of optical pumping. This was done to show how a smaller dipole moment would lead to a much higher rotational excitation temperature. For example, the excitation temperature for the homonuclear diatomic molecule, C 2 , which absorbs in the visible, is near 3000 K approximately independent of r h . Also, shown in Figure 8 , is longwave spectroscopy data and empirical fit of DiSanti et al. (1999) and Biver et al. (1997) of CO in Hale-Bopp. Figure 8 shows that NH 2 and diatomic hydrides that absorb in the visible will have a relatively flat heliocentric dependence of the excitation temperature, approximated by 80/r h 0.5 K. A heteronuclear radical such as CN or NO may be expected to have a steeper T(r h ), approximated by 100/r h 1.2 K. This is coincident with the measured CO temperature trend of 109/r h 1.22 K, which is thought to be for CO within the collision sphere (Biver et al. 1997) . temperature on heliocentric distance. Open squares at 1.0 and 2.6 AU are our extracted excitation temperatures from the NH 2 spectra. Filled circles are the results from Figure 7 for the AB radical under collision-free conditions. Open circles are for the AB radical where the rotational radiative relaxation rate is 0.1 times that for the molecules in Figure 7 . Diamonds are observational results for CO of Biver et al. (1997) and DiSanti et al. (1999) ; dotted line curve is the fit of that data by Biver et al. (1997) , which is thought to represent the temperature of the inner coma.
DISCUSSION
As well as the "mean k" estimated line strengths would allow, we think a photo-stationary state model, i. e., a "fluorescence equilibrium" model, can describe the rotational energy distribution in NH 2 beyond the collision sphere in comets. In the process, we have predicted the behavior of the NH 2 rotational distributions as a function of heliocentric distance. We believe this explains the "anomaly" discussed by Rauer et al. (1997a & b) and Dressler (1997) . In those papers it was noted that emission from K a ¢ = even states (which correspond to the v 2 ¢ = odd levels for the linear molecules, see section 3.1 above) are essentially absent from the spectra at large heliocentric distances, while emission from K a ¢ = odd levels dominate. In Table 3 we present our calculated ratios of all of the relative rotational state populations in the electronic excited state at 1.0 and 2.6 AU. One can see that there is a dramatic change in the relative populations of the K a ¢ = 0 and 2 states from 1.0 and 2.6 AU. This explains why the 070 and 090 bands, in the old notation, are "anomalously" weak at large r h . This further demonstrates that optical pumping plays a large role in controlling the rotational population when collisions are rare. The argument probably holds for H 2 O + as well. Figure 8 demonstrates that there is a general increase in the rotational excitation temperature for several species predicted and observed as comets approach the sun. It also suggests an important caveat for the interpretation of rotational excitation temperatures. That is, that radiatively pumped molecules and those in collisional equilibrium will show similar heliocentric behavior. Our highly approximate calculations on diatomic molecules were meant only to demonstrate this. We have not applied a comprehensive model to polar diatomic radicals, but note that OH and CN are only slowly photodissociated at 1 AU (Huebner et al. 1992) . These variations in the rotational excitation temperature should apply generally to any optically thin gas shell about an excitation source. 
